epithelial cells, unlike appropriate controls. Further subcloning of the insert to 2.7-and 1.9-kb fragments resulted in incremental decreases in adhesion and autoaggregation, whereas smaller fragments did not confer these properties. Hybridization of the 2.7-kb segment with C. albicans and S. cerevisiae DNA confirmed its origin as a single-copy sequence in the C. albicans genome as well as the absence of a homologous sequence in the genome ofS. cerevisiae. The data suggest that the adhesion and aggregation phenomena of the transformant cells are related to expression of a C. albicans surface antigen encoded by the cloned DNA fragment.
Candida albicans is an opportunistic pathogen which causes both superficial and systemic infections in mammals (29) . It is generally recognized that adhesion of C. albicans directly to host surfaces or to plastic prostheses (e.g., indwelling catheters and dentures) is a crucial initial step in colonization and pathogenesis (18, 33) . Various investigations have been carried out to determine the nature of the adhesins which mediate the initial attachment of C. albicans to host cells as well as to plastic surfaces (5, 11) . Some studies have invoked the importance of hydrophobic interactions in mediating adhesion of C albicans to a variety of surfaces (13, 20, 22) . Other reports suggest that adhesion is mediated by stereospecific interactions (5) . Potential adhesins include mannoproteins (6) , mannans (28) , lipids (9) , and chitin (38) .
One way of further elucidating the nature of the adhesin(s) involved in binding of C. albicans is by taking a genetic approach. However, classical techniques employed for bacteria to resolve similar problems (e.g., selection of mutants) are inappropriate for C albicans because of its diploid state and the lack of sexuality. Recently, new genetic techniques have been developed to overcome this problem (for reviews, see references 23 and 35) . One promising approach is based on the observed expression of C albicans genes cloned in Saccharomyces cerevisiae that complement functionally known mutations (31) or confer new attributes to the recipient (8) . In the present study, we followed such an approach in an attempt to identify C albicans genes related to adhesion. Adherent transformants were selected from a population of nonadherent S. cerevisiae cells harboring a C. albicans genomic library. An adherent transformant which exhibited enhanced adhesion to polystyrene and epithelial cells as well as autoaggregation properties was isolated. The DNA fragment responsible for these properties was partially characterized.
MATERIALS AND METHODS
Strains and plasmids. The strain that served as the source for the genomic library was C. albicans B792 (B serotype), originally isolated and characterized by Kwon-Chung and Hill (24) . The high-copy-number genomic library derived from this strain was previously described by Rosenbluh et al. (31) . This library was made with the yeast-Escherichia coli shuttle vector YEp13 (4) . The genomic library was transformed into the recipient yeast strain S. cerevisiae JWG2-liD (37) , which is a multiple auxotroph for leucine and tryptophan. For subcloning, plasmids YEp351 and YEp352 were used (15) . E. coli DH5a was used in transformations and for amplification of the cloned DNA.
Media and growth conditions. For C. albicans, complex medium YPD, containing 1% yeast extract, 2% peptone, and 2% glucose, was used. S. cerevisiae strains were grown on minimal medium SD, consisting of 0.67% yeast nitrogen base (without amino acids), 2% glucose, and appropriate amino acids, as described by Sherman et al. (36) . E. coli strains were grown in Luria-Bertani (LB) medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl) supplemented with ampicillin (50 ,ug/ml) for plasmid maintenance. Yeast strains were grown at 28°C; E. coli strains were grown at 37°C.
DNA manipulation. Restriction endonucleases and T4 DNA ligase were purchased from New England Biolabs (Beverly, Mass.) and used according to the manufacturer's instructions. DNA fragments were analyzed on 1% horizontal agarose gels. Plasmid DNA was isolated from E. coli by the method of Bimboim and Doly (2) . Plasmids were isolated from yeasts by the method described by Hoffman and Winston (16) .
Transformation procedures. S. cerevisiae was transformed by the lithium acetate method of Ito et al. (17) . E. coli was transformed by using commercially obtained competent E. coli DH5a cells (BRL Life Technologies, Gaithersburg, Md.) according to the manufacturer's instructions.
Southern blot analysis. Southern blots were prepared with genomic DNA isolated from yeast strains as described by Hoffman and Winston (16) and transferred to nitrocellulose filters (39) . 32P-labeled probes were prepared and used as described by Maniatis et al. (26) .
Selection procedure. In preliminary experiments (not shown), washed suspensions of C albicans B792 were found to adhere more avidly to polystyrene (tissue culture treated by electronic introduction of negative surface charge, according to the manufacturer) than S. cerevisiae JWG2-11D. For selection of adherent transformants, an agar overlay method was used (25) . Cells of S. cerevisiae JWG2-11D harboring the C. albicans gene library were washed and suspended in TE buffer (10 mM Tris-HCl, 0.5 mM EDTA [pH 7.4]) to a concentration of ca. 3 x 107 CFU/ml. Samples (0.8 ml) were added to 3.5-cm-diameter tissue culture polystyrene plates (NUNC, Roskilde, Denmark). Plates were allowed to stand for 1 h at room temperature. After extensive washing in water, the plastic surface was overlaid with 0.8 ml of selective solid growth medium, consisting of SD supplemented with tryptophan and devoid of leucine, to select adhering transformants. After 72 h of incubation at 28°C, a number of colonies were detected and tested for adhesion and aggregation properties. One transformant, TY21, exhibited pronounced adhesion and aggregation and was selected for further characterization.
Adhesion to polystyrene. Adhesion to polystyrene was tested as described previously, with several modifications (7) . Yeast cells were washed twice and suspended in TE buffer to an optical density of 9 optical density (OD) units (400 nm, 1-cm light path). Samples Autoaggregation. Autoaggregation was assessed qualitatively by visual and microscopic observation of cell suspensions. For quantitative measurement, yeast cells were washed twice and suspended in TE buffer to an optical density of ca. 8 OD units (400 nm, 1-cm light path). Yeast suspensions (0.5 ml) were added to 0.5 ml of double-strength yeast nitrogen base (Difco; 1.34%) in TE buffer, and the optical density was measured. Following 1 h of horizontal agitation in 5-ml test tubes on a reciprocal shaker (at 350 rpm), suspensions were transferred to 1-ml disposable cuvettes and optical density was read both immediately and after 60 min. Autoaggregation was measured as the percent decrease in optical density at 400 nm (OD4.) after agitation and settling compared with that of the suspension prior to agitation.
Adhesion to human buccal epithelial celis. Human buccal epithelial cells were collected by gently rubbing the inside cheek area with sterile swabs and swirling the swabs in PBS (8 g of NaCl, 0.2 g of KCl, 1.15 g of Na2HPO4, 0.2 g of KH2PO4, and distilled water to 1 liter [pH 7.2]). The cells were washed twice and suspended in PBS to a final concentration of 2 x 105 CFU/ml. Yeast cells were grown as described, washed twice, and suspended in PBS to a concentration of 108 CFU/ml. Adhesion was carried out essentially as described by Sandin and Rogers (34) . Briefly, 0.25-ml samples of yeast cells and buccal epithelial cells were combined in 10-ml test tubes, which were shaken horizontally on a rotary shaker (200 rpm) for 2 h at room temperature. Polycarbonate filters (12-p.m pore size; Poretics Corp., Livermore, Calif.) were used for filtration of the mixtures. Filters were washed with 70 ml of PBS under vacuum and allowed to dry. Filters were fixed with absolute methanol and stained with 1% gentian violet. The number of yeasts adhering to each of 100 buccal cells was determined by light microscopy at a magnification of 400x.
RESULTS

Selection and characterization of adherent transformants.
Selection of the adherent transformant among S. cerevisiae JWG2-11D cells harboring the C albicans genomic library on YEp13 was carried out as described in Materials and Methods. After incubation for 72 h, individual colonies were characterized to determine their genotype to verify that the colonies were in fact putative transformants and tested for adhesion and autoaggregation properties. One transformant (TY21) exhibited much higher adhesion to treated and untreated polystyrene, as well as observed autoaggregation, than S. cerevisiae JWG2-11D cells bearing the vector alone. Growth of TY21 on complex medium (with no selection for the plasmid) resulted in loss of the adhesion and autoaggregation properties concomitant with loss of the plasmid, as reflected by reversion of the transformant to auxotrophy for leucine. This suggested that the adhesion and autoaggregation phenotypes were plasmid-linked traits. Furthermore, of 68 randomly chosen S. cerevisiae clones from the genomic library, none were observed to exhibit enhanced autoaggregation.
Plasmid DNA was isolated from TY21 and transformed into E. coli for DNA isolation and manipulation. The plasmid recovered was YEpl3 with an insert of 4.5 kb, within the expected range present in the original C. albicans genomic library employed (31) . The isolated plasmid was used for a second round of transformation in S. cerevisiae and found to confer the LEU phenotype as well as adhesion and autoaggregation on all the transformants tested.
The restriction analysis of pTY21 is summarized in Fig. 1 pTY21-1 to treated and untreated polystyrene was 69 and 14 times greater, respectively, than that of S. cerevisiae cells with the vector (YEpl3) alone (Table 1) .
Results similar to those found for adhesion to polystyrene were also observed for autoaggregation (Table 2 and Fig. 2 ). Cells were agitated for 1 h to facilitate aggregation. They were then placed in cuvettes for measurement of optical density and read immediately (time zero) and after 1 h. The transformant bearing pTY21-1 was observed to be highly autoaggregative, reaching 46 and 77% reduction in turbidity immediately and 60 min after agitation, respectively, compared with 14% for S. cerevisiae with YEpl3 alone.
Transformants were observed to undergo considerable aggregation during growth on SD medium containing yeast nitrogen base. It was of interest to attempt to determine which of the component factors might be involved in the aggregation process. (Table 4) .
The adhesion of transformant cells bearing pTY21-1 to buccal epithelial cells was significantly greater than that of S. cerevisiae cells carrying the vector YEpl3 without the insert as well as that of untransformed cells of S. cerevisiae (Table  3) . Adhesion of the donor C. albicans strain was significantly higher than that of the transformant. These differences were significant whether the percentage of epithelial cells bearing attached yeast cells or the mean number of yeast cells adhering per epithelial cell was compared. Subcloning of the insert in other shuttle vectors. In order to facilitate further subcloning, the insert was transferred to YEp351, a vector that contains multiple cloning sites (15) . A 3.6-kb BamHI-SalI fragment from pTY21-1 was subcloned in YEp351 (Fig. 1) . Assuming that bacteria bearing the plasmids with the desired insert might yield colonies exhibiting altered morphological appearance, five abnormal colonies were examined. Among these transformants, two contained the 9.2-kb plasmid (pTY21-2) containing the previous 3.3-kb insert. DNA digestion with several restriction enzymes revealed two XhoI restriction sites and one KpnI site (Fig. 1) . Transformed S. cerevisiae cells bearing pTY21-2 exhibited the adhesion and aggregation phenotypes, whereas (Tables 1 and  2 ).
In order to take advantage of the KpnI cleavage site within the insert, a second plasmid, YEp352 (15) , was used because this plasmid has a unique KpnI site located in the multiple cloning site. YEp352 differs from YEp351 in that it possesses a URA3 gene as a selection marker rather than the LEU gene. For selection of YEp352, strain JWG2-11D was converted by gene transplacement (32) to uracil auxotrophy. Ura3 auxotrophs were identified as being resistant to 5-fluoro-orotic acid (3) . The transplacement of URA3 was confirmed by transformation with YEp352, which restored the prototrophic phenotype to JWG211-D. A series of subclones were constructed by digestion of pTY21-2 and YEp352 with restriction endonucleases and ligation of the desired combinations, yielding the following subclones (Fig. 1). (i) pTY21-3 carried an XhoI-X7hoI 2.7-kb fragment inserted into YEp352 which had been cleaved by Sall; (ii) pTY21-4 carried a KpnI-XhoI fragment of 1.9 kb, inserted into YEp352 that had been cleaved by KjpnI and SalI; (iii) pTY21-5 carried a KpnI-KpnI 1.2-kb fragment (one cleavage site within the insert and a second in the MCS), inserted into YEp352 which had been cleaved by KpnI; and (iv) pTY21-6 carried a KpnI-XhoI fragment of 0.8 kb, inserted into YEp352 that had been cleaved by KpnI and SalI.
Transformed S. cerevisiae JWG2-11D ura3 cells bearing the various subclones were tested for adhesion and autoaggregation phenotypes and compared with JWG2-11D ura3 cells bearing pTY21-2 (Tables 5 and 6 ). The data show that reduction of the insert size below 3.3 kb results in incremental losses in adhesion and aggregation. For example, adhesion of the 2.7-kb fragment in YEp352 (pTY21-3) to tissue culture-treated and untreated polystyrene was 99 and 47% of that of the 3.3-kb fragnent, respectively. Autoaggregation of cells bearing the 2.7-and 1.9-kb fragments was 81 and 38%, respectively, of that exhibited by the 3.3-kb fragment. Cells bearing shorter fragments of 1.2 and 0.8 kb did not show the adhesion and autoaggregation phenotypes (Tables 5 and 6 ).
Hybridization of the 2.7-kb DNA fragment with C. albicans genomic DNA. To confirm that the DNA fragment responsible for the adhesion and autoaggregation phenotypes originated in the C. albicans genome, hybridization experiments were carried out. Restricted DNAs from C. albicans B792 and S. cerevisiae JWG211-D were probed with the 2.7-kb XhoI fragment. The results of the hybridization are shown in Fig. 3 , confirming that the 2.7-kb labeled fragment originated from C albicans and that S. cerevisiae has no homologous sequence. Furthermore, the results indicate that C. albicans has a single copy of this gene. In addition, the 2.7-kb fragment was used to test for homology to the CR2 receptor recently cloned and characterized by R. A. Calderone (4a) . The results show that the clone conferring adhesion and autoaggregation reported in this study is not homologous to the CR2 receptor.
DISCUSSION
Although many investigations on C. albicans adhesion have been reported, few studies have addressed the genetic aspects involved. In the present study, we have shown that a unique DNA segment from C. albicans can transform nonadherent S. cerevisiae cells to adherent and autoaggre- (10, 22, 30) . Potential hydrophobicity-associated surface components which have been implicated in candidal adhesion to plastic surfaces include proteins of 60, 68, 200, and >200 kDa (40) as well as several components of lower molecular masses (14) . Other potential components include cysteinerich, ca. 30-kDa "hydrophobins" which have been isolated from the outer surface of Schizophyllum commune and Aspergillus nidulans (41, 42) but have yet to be identified or characterized in C albicans.
One unexpected result was the relatively greater adhesion of transformants to plastic and aggregation than of donor cells. This may be related to regulation of expression of the gene product. Whereas the S. cerevisiae cells may produce or overproduce the component in a constitutive manner, it would be expected that its production in donor cells would be carefully regulated, perhaps concomitant with morphological changes. Subcloning of the fragment to sizes below 3.3 kb led to incremental decreases in adhesion and aggregation levels, perhaps due to truncation of regulatory sequences that lead to a decrease in the level of expression.
The finding that transformant cells adhere to buccal epithelial cells raises the possibility that the gene product is involved in adhesion to host tissue. Further work is under way to test this hypothesis. The highest levels of adhesion to buccal epithelial cells were observed for the donor C. albicans cells, which contrasted with their relatively poor adhesion to plastic surfaces. Hazen et al. (12, 13) have recently shown that C. albicans strains exhibiting similar levels of hydrophobicity (based on binding of latex beads) differed quantitatively in their adhesion to host tissues, suggesting that hydrophobicity is one of several factors determining adhesion to host tissue.
Aggregative (flocculating) strains of S. cerevisiae are often used in fermentations, e.g., in the brewery industry (27) . The observation in the present report that a foreign DNA fragment can induce aggregation is of interest in this regard. The molecular mechanisms responsible for yeast aggregation have yet to be completely elucidated, although hydrophobic interactions and divalent cations appear to be involved (1, 21) . In the present study, aggregation was stimulated by the presence of ammonium sulfate. However, this stimulation appears to be dependent on the association of divalent cations with the cell surface. When the cells were washed in buffer containing EDTA, ammonium sulfate alone had no effect, whereas addition of cations (particularly calcium) yielded partial aggregation. Another question of interest is the relationship between aggregation and adhesion. Eli et al. (7) have shown that bacterial aggregates adhere better to polystyrene than nonaggregated suspensions. The transformant may prove an interesting model organism in helping to determine what changes in S. cerevisiae surface structure prompt nonaggregating cells to become highly aggregative ones.
